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We have investigated the magnetic and structural properties of Fe-Co-W films using a composition
spread technique. From the magnetometry measurements, large magnetization (900 emu/cm?)
and enhanced perpendicular coercive fields (2-3 kOe) of low W concentration films were
observed. The synchrotron diffraction results show a structural transition from a crystalline to an
amorphous state and the crystallization onset increases with increasing W concentration. The SEM
and TEM characterizations show that the films with low W concentrations have vertically standing
platelet-like grain structures which is ascribed to the enhanced coercive fields. Magnetometry
studies indicate that as the W concentration increases, microstructural change results in evolution
of magnetization reversal mechanism. © 2013 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4775581]

Permanent magnets are ubiquitous in modern technolo-
gies, and they play important roles in generators, motors,
speakers, and relays. Today’s high performance permanent
magnets contain at least one rare earth element such as Nd,
Sm, Tb, or pr.' However, rare-earth elements are increas-
ingly rare and expensive, and alternative permanent magnet
materials which do not contain rare-earth elements are
needed by the industry.* We are using thin film composition
spreads generated by ternary co-sputtering to search for rare-
earth free permanent magnet materials. The large magnetic
anisotropy and large coercivity are the prerequisites for per-
manent magnet applications. High Curie temperatures as
well as high magnetizations are also required for permanent
magnets. There have been reports which suggest that 5d ele-
ments such as W, Mo, Hf, and Zr can be used to induce large
magnetocrystalline anisotropy in Fe and Co because 5d ele-
ments have large spin-orbit coupling and can lead to strong
3d-5d hybridization.””” Moreover, the change of electronic
structure of 3d elements due to the 5d elements doping may
increase spin-orbit coupling,®’ thus affecting the magneto-
crystalline anisotropy. In this work, we looked at the Fe-
Co-W system as an initial investigation into 5d-element
doped Fe-Co system to explore possible magnetic materials
with enhanced coercive fields.

400-nm thick composition spread films of the Fe-Co-W
alloy system were deposited using magnetron co-sputtering
on 3-in. diameter Si wafers (with 200 nm thick thermally
oxidized SiO, layer) at room temperature. The details of
the composition spread deposition technique are described
elsewhere.'” A physical shadow mask is used to separate
the composition spread film into a grid of 5mm x 5Smm
regions. The room-temperature deposited samples were then
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post-annealed in vacuum at various temperatures. The aver-
age composition of each thin film region patterned into 5 mm
x 5Smm squares on the wafer is determined by wavelength
dispersive spectroscopy (WDS). Following the annealing
process, we use synchrotron x-ray diffraction to map the
structural properties of the entire composition spread across
the wafers. Some of the wafers are cut into small pieces to
characterize the magnetic and microstructural properties by
vibrating sample magnetometry (VSM) and transmission
electron microscopy (TEM), respectively.

On one set of composition spread wafers, the W compo-
sition ranged from 0 at. % to 50 at. % (atomic percent con-
centration), and the atomic percent concentration of Fe and
Co ranged from 10% to 90%. Synchrotron X-ray diffraction
(at Beam line 11-3, Stanford Synchrotron Radiation Labora-
tory) was performed on three Fe-Co-W composition spread
wafers. They were: (1) as deposited at room temperature, (2)
deposited at room temperature then annealed at 600 °C, and
(3) deposited at room temperature and then annealed at
700°C. Fig. 1 shows representative X-ray diffraction spectra
of selected composition Fe-Co-W films from a wafer
annealed at 600 °C. Two main diffraction peaks are observed
in the crystalline part of the film, and they are identified as
Fe-Co BCC (110) and (200) reflections with the d-spacings
of 2.0 and 1.5 A, respectively. As seen in Fig. 1, for the films
with W concentrations of 17.9% and 34.7%, the (110) dif-
fraction peak is much wider than that of the films with W
concentrations of 2.2% and 6.7%, and the diffraction inten-
sity of such high W concentration films is much weaker com-
pared to the intensity of the peak in low W concentration
films. These observations clearly indicate that the Fe-Co-W
films are crystalline for low W concentrations, and they tend
to become nanocrystalline-like to amorphous with increasing
W concentration. This is consistent with the fact that the

© 2013 American Institute of Physics
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FIG. 1. Typical synchrotron XRD spectra of Fe-Co-W films annealed at
600 °C with various W contents.

crystallization temperature of W is substantially higher
(1300—1500 °C) compared to that of Fe-Co, and thus material
containing high concentration of W is less likely to form
well-crystallized grains at annealing temperatures studied
here. We also find that the d-spacing of the BCC (110) peak
increases with increasing W concentration. This is an indica-
tion that despite the suppression of formation of a well-
crystallized phase with increasing W concentration, W is
indeed still being incorporated in the Fe-Co matrix: the
increase in the d-spacing is due to the fact that the atomic
radius of W (2.02 A) is larger than that of Fe or Co (1.72 A
for Fe, and 1.67 A for Co). Similar composition dependent
structure trends were observed in the 700 °C annealed wafer.

In order to further elucidate the structural evolution
from the amorphous-like to the crystalline state seen as a
function of W concentration in Fe-Co-W, we have extracted
the intensity and width (full width half maxima (FWHM)) of
the BCC (110) diffraction peak from each diffraction spec-
trum on spread wafers. Fig. 2 shows the mapping of FWHM
of the BCC (110) peak for the as-grown, 600 °C and 700 °C
annealed composition spreads. As clearly seen in Fig. 2(b),
the FWHM of the (110) peak for the 600 °C annealed wafer
is much wider (denoted by the yellow or green dots) when
the W content is above 15%, indicating the Fe-Co-W films
are amorphous in this composition range. When the W

Appl. Phys. Lett. 102, 022419 (2013)

concentration is lower than 15%, the FWHM is narrower,
indicating a crystalline phase, represented by blue dots. The
onset of crystallization of the amorphous phase fraction
increases with increasing W concentration so that the transi-
tion occurs at 10% W for as-grown films (Fig. 2(a)), and
increases to 20% for 700 °C annealed films (Fig. 2(c)). Ther-
modynamically equilibrated bulk alloys of Fe or Co have
limited solubility of only a few at. % W."" The fact that there
is a crystalline to amorphous transition as a function of the
W concentration in our films is consistent with this limited
solubility and the fast cooling rate of the sputtering process.
The solubility limit is expected to increase with increasing
temperature, resulting in the crystalline phase region extend-
ing into higher W concentrations as observed in Fig. 2. The
presence of excess W which cannot go into the Fe-Co crystal
lattice results in W segregating into a separate amorphous or
disordered phase. The d-spacing map (not shown here)
obtained from the XRD spectra for the spread samples shows
the similar trend as a function of W concentration in that at
the crystalline to amorphous transition, the primary scatter-
ing peak abruptly shifts from (110)BCCatQ =3.0A Ttoa
diffuse peak at Q = 2.7 A

To investigate detailed microstructural properties of
Fe-Co-W, three samples with different W concentrations
taken from a wafer annealed at 600°C were analyzed by
TEM. Fig. 3(a) shows a plane-view image and a selected
area electron diffraction (SAED) pattern (inset) of a low W
concentration film (2.2%). This film is completely crystal-
lized based on SAED. The plan-view image reveals a
platelet-like microstructure consisting of oriented nanograins
approximately 150nm in length and 25nm in width, and
the cross-sectional TEM (not shown here) shows that the
platelet-like nanograins have a columnar feature. From the
sharp diffraction rings in the SAED pattern, we identify
the phase to have a BCC structure. Fig. 3(b) shows the planar
TEM image and SAED of a region with high W concentra-
tion (17.9%). Such films can be classified as amorphous
based on the halo-like rings seen in the SAED (inset). When
the W concentration is as high as 30%, the bulk of the film
appears completely amorphous but occasionally contain,
micron-sized pure W grains. The TEM results are consistent
with the synchrotron diffraction results represented in Figs. 1
and 2, where the films of low W concentrations show the
BCC crystalline phase, and the films of high W concentra-
tions show an amorphous state.

The room temperature magnetic hysteresis loops of the
films were measured using VSM. Figs. 4(a) and 4(b) show
the representative in-plane and out-of-plane M(H) loops of
Fe32_3C062.gW5.9 and F623_5C057‘2W14‘3 films annealed at
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FIG. 2. FWHM spread in the composition library of Fe-Co-W films of as-deposited state (a) annealed at 600 °C (b) and annealed at 700 °C (c).
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600 °C, respectively. As seen in Fig. 4(a), the out-of-plane
coercivity of Fes; 3Co0g8Ws9 is about 2.3 kOe indicating the
presence of perpendicular anisotropy, although it is not fully
saturated. Such a hysteresis loop with H. ~ 2-3 kOe was
observed from many samples with similar compositions. The
in-plane coercivity is small and shows a soft magnet-like char-
acteristic with the saturation magnetization of 900 emu/cm?,
consistent with high moments of Fe and Co. The high W
concentration films (Fe,g5sCo0s7,W143) show magnetic single
phase behavior, as seen in Fig. 4(b) where the out-of-plane
coercivity is much smaller than that of low W concentration
films. The saturation magnetization of 400 emu/cm? in the
high W concentration film is much lower than 900 emu/cm?

Appl. Phys. Lett. 102, 022419 (2013)

FIG. 3. TEM images of (a) crystallized
region with 2.2% W concentrations with
inset SAED demonstrating the crystalline
state, (b) amorphous 17.9% W concen-
trations with inset SAED demonstrating
the amorphous state, and (c) micron-
sized crystalline W grains within the
34.7% W region which is primarily
amorphous.

of low W concentration films. This is due to the fact that as
the Fe-Co-W films become more and more amorphous-like
with increasing W concentration, the material becomes less
and less magnetic. When the average W concentration of the
film is higher than 50%, the Fe-Co-W film shows a non-
magnetic behavior.

The out-of-plane hysteresis loop of Fes;3C06sWso
(Fig. 4(a)) is indicative of the presence of two magnetic
phases in this low W concentration region of the sample.
One is the soft phase with in-plane magnetization which has
the slope in the out-of-plane hysteresis due to its demagnetiz-
ing field, and we attribute this to the host matrix of the mate-
rial in which the platelet-like nanograins reside. The other is
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the hard phase with an enhanced coercivity (seen in the cen-
ter of the curve) with large perpendicular magnetic anisot-
ropy: this is from the platelet-like nanograins. This hard
phase is not seen in the in-plane magnetic measurement since
its volume fraction is presumably small compared to that of
the soft matrix phase. Moreover, the out-of-plane hysteresis
loops in Figs. 4(a) and 4(b) show a similar value of the slope
(dM/dH), indicating that the soft magnetic part in both films
has the similar demagnetization behavior. This further dem-
onstrates that the linear part of out-of-plane hysteresis loop
(displaying a two-phase behavior) comes from the soft host
matrix in the low W concentration film (Fig. 4(a)).

We believe that the enhanced coercivity and the large
perpendicular anisotropy mainly arise from the large demag-
netization effect resulting from the large aspect ratio of the
platelet-like nanograins seen in the TEM images. It is diffi-
cult to determine the magnetization of this hard phase due to
the uncertainty in the exact relative volume fraction ration
between the platelet-like hard phase and the soft host matrix.
If we take, for instance, M; = 400 emu/cm3 for this hard
phase, the demagnetization field for the platelet-like nano-
grains comes out to be 27Mg ~ 2500 Oe, and the shape ani-
sotropy constant is Kqpe = 2nM# =7 x 10° T m >, which is
of the same order as the magnetocrystalline anisotropy of
Co-Pt alloy.12 This demagnetizing field of 2500 Oe is con-
sistent with the observed saturation field of the hard-phase
region of the out-of-plane hysteresis loop (central part of the
loop).

It is instructive to investigate the magnetization reversal
mechanism (MRM) of Fe-Co-W samples of different W con-
centrations since their microstructures are different for vari-
ous compositions. In general, in magnetic films, the MRM
can be described by three different modes, namely, (1) the
pinning and motion of domain wall, (2) coherent rotation,
and (3) coexistence of domain wall motion and coherent
rotation, i.e., the Kondorsky model.'"> The MRM can be
determined by the angular dependent switching field, H, 5,14’]5
where Hj refers to the magnetic field which overcomes the
irreversible motion of the domain wall. From the hysteresis
loops at various applied field angle ¢, from in-plane to out-
of-plane, the angular dependence of the switching field can
be obtained, where ¢y, is the angle between the plane of the
film and that of the applied field. In order to delineate the
relationship between Hg and ¢, clearly, we plot the inverse
Hg as a function of cos(¢y) as shown in the Figs. 4(c) and
4(d). From Fig. 4(c), it is clear that the 1/H, is proportional
to cos(¢;) in the entire ¢ range from 0° to 90° when the W
concentration is 2.2%, 3.2%, and 4.5%. This indicates that
the MRM at these compositions is dominated by domain
wall motion. For higher W concentration compositions
(7.9%, 14.2%, and 34.7%), the 1/H; is proportional to
cos(¢y) only in a fixed range of ¢, as indicated by arrows
in Fig. 4(d): they obey domain wall motion for ¢, = 85°,
¢y =75° and ¢y = 70° for 7.9%, 14.2%, and 34.7% of W
concentration samples, respectively. For larger angles, the
MRM is dominated by the Kondorsky model, where domain
wall motion and coherent rotation appear to coexist.

Appl. Phys. Lett. 102, 022419 (2013)

We believe the magnetization reversal mechanism is
correlated with the microstructure of the films. For the
platelet-like grain films, i.e., the low W concentration films,
the effective anisotropy field H is expected to be larger than
the pinning field H,, due to the large shape anisotropy of such
standing grains, and the magnetization reversal process is
dominated by domain wall displacement. However, for the
higher W concentration samples where the coercivity is
lower, the magnetic grains are embedded in amorphous ma-
trix where their magnetizations switch separately, and there-
fore, the MRM is achieved by coherent rotation and domain
wall motion.

In conclusion, the microstructural and magnetic proper-
ties of Fe-Co-W combinatorial films have been investigated
by synchrotron X-ray diffraction, electron microscopy, and
vibrating sample magnetometry. The microstructural charac-
terization indicates that there exists a structural transition
from crystalline to amorphous-like phases with increasing W
concentration, and the onset of this crystallization increases
with increasing W content. Enhanced perpendicular coerciv-
ity as large as 2.3 kOe is achieved at low W concentration.
We believe this is mostly due to the shape anisotropy of
platelet-like grains. We are currently investigating the
growth mechanism of Fe-Co which leads to the platelet grain
growth with incorporation of W. If it is possible to further
engineer and control such grain growth, in principle, one can
potentially achieve even larger coercive field due to their
shape anisotropy. Fe-Co-W may be a potential rare-earth
free permanent magnets candidate.
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